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EVER SINCE ALEXANDER THE GREAT "discovered" table sugar made by drying sugar cane juice in India in 326 BC, Europe initially and the entire world eventually increased their consumption of sweeteners, especially fructose. As their sugars are converted to high-fructose syrups, sugar cane and corn are now the most cultivated crops in the world (7) . The estimated fructose concentration in human diets worldwide has increased over 10-fold since the Industrial Revolution (12) , a dietary switch so dramatic that the human body has been unable to adapt, as indicated by the numerous metabolic diseases now associated with excessive fructose consumption (6) . Average fructose consumption rates have increased markedly in the United States, from 37 in 1978 to 49 g/day in 2004, with the top 10% of the population now consuming 75 g/day, from 64 g/day 25 yr ago (35) .
Fructose is absorbed by the fructose transporter GLUT5 into the small intestinal cell and exits to the portal blood via GLUT2 in the basolateral membrane (12) . Hepatic GLUT2 then mediates fructose entry from the portal blood into hepatocytes where it is metabolized by ketohexokinase (KHK or fructokinase) (18, 38) . There are two KHK isoforms, KHK-C and -A, and both can metabolize fructose, but KHK-C is considered the primary enzyme involved in fructose metabolism because of its lower Michaelis constant (K m ) (10) . Fructolysis, unlike glycolysis, is not regulated by feedback inhibition; hence, excess fructose consumption leads to the accumulation of three-carbon metabolites in hepatocytes (36) , and to elevated rates of lipogenesis. Although excessive fructose intake is now associated with nonalcoholic fatty liver disease, there have only been very few studies determining portal fructose concentrations (43) , and none using the range of feeding durations and fructose doses used in this work.
While the association between high-fructose intakes and lipogenesis seems clear (32) , that between dietary fructose and blood glucose is not. Fasting plasma glucose and insulin levels increased, and insulin sensitivity decreased, in humans consuming fructose but not in those consuming glucose (42) . Others observed, however, that fructose has a low glycemic index, improves long-term glycemic control, does not increase blood glucose and hemoglobin A1c (HbA 1c ), and does not generate an insulin response in humans (8, 32) . The association between fructose intake and diabetes is also unclear in animal models, but rat hyperglycemia seems associated with hyperfructosemia (43) .
The half-life of intravenously administered fructose in humans is 18 min, as opposed to 43 min for glucose (18) , due to KHK being 10-fold faster than glucokinase in phosphorylating their substrates (4) . Estimates of blood concentrations of fructose in humans and laboratory rodents range from 0.008 to as high as 16 mM (12) . Thus, there is an enormous variation in published estimates of normal systemic serum fructose con-centrations. Because blood glucose is 10-to 1,000-fold greater than fructose concentration, we and others have found that enzyme-based kits, compared with chemistry-based methods like high-performance liquid chromatography (HPLC) and gas chromatography-mass spectrometry (GCMS), may overestimate low fructose concentrations (11, 44) but may be useful at ϳ0.1 mM, depending on the enzyme. Postprandial fructose concentrations in the portal vein of sucrose-fed rats, analyzed by GCMS, are ϳ1 mM but decrease in the systemic circulation to ϳ0.2 mM (43) . Fructose concentrations in the rat systemic circulation are therefore very low but may increase to ϳ1 mM, analyzed by enzyme-based kits, during consumption of highfructose diets (11) . Blood fructose concentrations of fasting type 1 [0.016 mM (23) ] and type 2 [0.009 -0.013 mM (24) ] diabetic humans are even much lower, and could only be reliably determined by GCMS or HPLC (11, 44) . In contrast to that for fructose, the range of normal fasting blood glucose concentrations in all mammals only varies by Ͻ10-fold. Just as chronically high blood glucose concentrations indicate a physiological derangement in glucose homeostasis that eventually manifests itself as a metabolic disease, consistently high blood fructose concentrations may indicate derangements in fructose homeostasis as well.
Because hepatic KHK clears portal blood of most of its fructose after the first pass (30), we hypothesized that dietary fructose increases portal but not systemic serum fructose concentrations in wild-type mice. We then tested the hypotheses that KHK-A/C deletion (KHK Ϫ/Ϫ ) increases, and that GLUT5 deletion (GLUT5 Ϫ/Ϫ ) decreases, both portal and systemic serum fructose concentrations. We also hypothesized that serum glucose is correlated with serum fructose concentrations in a KHK-dependent manner. We then fed wild-type and KHK Ϫ/Ϫ mice experimental diets with higher fructose concentrations to examine the effect of dose on serum fructose, and repeated the experiments in rats to confirm findings in another species. Finally, we tested the hypothesis that feeding habits affect blood fructose concentrations by examining representative mammalian carnivores and herbivores. We used a series of "feeding" durations that ranged from brief (in vivo perfusions of fructose solutions) to chronic (consumption of experimental diets for 12 wk, a time span roughly equivalent to 6 human years). We also used 20 (similar to the top 5% of American consumers)-63% free fructose concentrations in the diet. In light of the expected wide range of blood fructose concentrations, we analyzed all serum samples by HPLC.
MATERIALS AND METHODS

Animals and Experimental Designs
There were five sets of studies (Table 1 ). All procedures conducted in these studies were approved by the Institutional Animal Care and Use Committee, New Jersey Medical School, Rutgers University (Protocol No. 13001). Fructose concentrations in the sera were analyzed at the Osaka Prefecture University. In study I, three experiments were conducted. In study IA, ϳ50 young adult (7-wk-old) male C57BL6 wild-type mice (ϳ18 g; Taconic) were divided into 10 cages and acclimatized to a reversed light cycle because our earlier work (15) showed that rodents eat Ͻ20% of their total daily food intake during daytime (light) hours, and this circadian feeding rhythm was tightly correlated with the weight of stomach contents. Mice were fed a nonpurified commercial diet ad libitum for the first 4 days. On the 5th day and then throughout the experiment, diets were removed at 2001 (lights on) and returned at 0801 (lights off). For days 8-14, diets were switched to pellets containing either 0% fructose, 10% sucrose, 20% glucose (termed as "0% fructose") or 20% fructose, 10% sucrose, or 0% glucose (20% fructose) ( Table 2 ). On the 15th day, mice were killed at 0800 before feeding and 0900, 1030, 1200, and 1530 during the dark phase, with n ϭ 5 for each time point and diet. After 7.5 h, mice consumed ϳ80% of what they would otherwise eat over 24 h.
In study IB, the experiment was repeated using KHK Ϫ/Ϫ mice. Generation of KHK Ϫ/Ϫ (background: C57BL6) mice donated by R. J. Johnson, University of Colorado, was described previously (10) . We simultaneously bred 10 male and 20 female KHK Ϫ/Ϫ mice in 10 breeding cages and then selected litters (6 -8 pups in each litter) born Ϯ 3 days of each other. After being weaned, 30 male mice were distributed into 10 cages. Mice were fed chow to satiety for an additional 4 wk (body wt ϳ18 g) at which time the light cycle was reversed for 1 wk. The protocol described for wild-type mice was then followed. Briefly, mice in five cages were fed with 0% free fructose, the other five with 20%. On the last day, one mouse from each cage was killed at 0800, 1030, and 1530, for a total of n ϭ 5 mice/diet for each time point.
Study IC was conducted using GLUT5 Ϫ/Ϫ mice (background: C57BL6) donated by J. Zuo, St. Jude's Children's Research Hospital (47) . Because the breeding of GLUT5 Ϫ/Ϫ produced small litters (2-4 pups) that were disproportionately female, only 10 male mice of similar age were produced from a large number of breeders. These were fed 0 or 20% fructose. Because GLUT5 Ϫ/Ϫ mice cannot tolerate fructose (1), these mice were provided the experimental diets at 0801 and then killed at 1530 the day of the experiment. The absence of KHK and GLUT5 mRNA expression in various tissues from KHK Ϫ/Ϫ and GLUT5 Ϫ/Ϫ mice, respectively, has been shown previously (45) and confirmed (data not shown).
In study II, the same 20% free fructose or glucose diets were fed ad libitum to KHK Ϫ/Ϫ and wild-type mice (n ϭ 5-6 each diet) under reversed light cycle, for 12 wk before death and blood collection (n ϭ 5-6 each diet) when mice were in the dark. Wild-type C57BL mice were obtained from heterozygous descendants of KHK Ϫ/Ϫ and wildtype matings.
Because our 20% free fructose diets contained 10% sucrose, we made diets containing 40% fructose or glucose [without sucrose (13) to evaluate the effect of higher fructose concentrations (study III)]. Because preliminary work (data not shown) indicated that intake of 40% fructose tended to decrease in KHK Ϫ/Ϫ mice after a few days, KHK Ϫ/Ϫ and wild-type mice adapted to reversed light cycle were killed 7.5 h after initial intake (n ϭ 5 each diet). In study IIIB, wild-type but not KHK Ϫ/Ϫ mice were fed these same diets for 7 days.
In study IV, we used in vivo (feeding) and ex vivo (intestinal perfusion) methods in young adult male F344 rats (8 wk old). In study IVA, rats were fed (n ϭ 4) an isocaloric, isonitrogenous 63% fructose or glucose diet for 5 and 30 days. In study IVB, rats were fed an isocaloric, isonitrogenous 40% fructose or glucose diet for 5 days (n ϭ 6). In study IVC, 10 rats were perfused with either 50 mM fructose or 50 mM glucose (control) Ringer solutions. These concentrations were chosen because luminal fructose concentration is ϳ30 mM, and 50 mM fructose upregulates within 3-4 h the expression of genes involved in fructose transport and metabolism (21, 38) .
In study V, we obtained sera (fasted, males, n ϭ 4 each species) of different mammalian species [carnivorous cat (Felis catus), herbivo-rous nonruminant horse (Equus ferus), and herbivorous ruminant goat (Capra aegagrus)] from BioChemed Services (Winchester, VA).
Experimental Fructose Diets
We used dietary constituents and concentrations that are well tolerated and consumed at similar rates by wild-type rodents (13, 21) ( Table 2 ). Preliminary work estimated that the 20% free fructose diet used in studies I and II is the maximum that can be chronically tolerated by KHK Ϫ/Ϫ mice (data not shown). This should not come as a surprise, since humans with fructosuria can readily tolerate dietary fructose (18, 29) . In studies III and IVB, the experimental diet had 40% free fructose with no other sugar (13) . In study IVA, the experimental diet had 63% free fructose (13, 21) . In all experiments, glucose isocalorically replaced fructose in control diets, with all other ingredients being exactly the same.
The American Institute of Nutrition recommends either 73% [AIN-93M (maintenance) diet] or 63% [AIN-93G (growth) diet] carbohydrate, levels higher than the average for humans (54%) consuming a high-carbohydrate diet (25) . Fructose constitutes ϳ10% of the total energy intake of the average American (35) , although the top 5% consumers have energy intakes from fructose reaching ϳ20%. Thus, rodents consuming 20% fructose have similar dietary levels as the high-fructose consumers. Rodents consuming 30 -40% sugars are actually eating about one-half of the recommended carbohydrate concentration in a standard adult rodent diet, whereas humans eating 20% sugars are consuming less than one-half of recommended carbohydrate concentrations (25) . Lower fructose concentrations readily induce metabolic syndrome if glucose is present in equimolar concentrations (22) and cause similar deleterious effects as higher fructose concentrations if consumed for a longer time period (3, 13) .
Intestinal Perfusion
Briefly, rats were anesthetized (20% ketamine and 12.5% xylazine in saline, 2.5 ml/kg body wt ip), and the abdominal cavity was opened (21) . About 10 cm distal to the stomach, a small incision was made, and a catheter inlet was inserted in the lumen and then secured. After the contents were flushed, the intestine was continuously perfused with sugar solution (50 mM fructose or glucose in Ringer, 37°C, 30 ml/h).
Analysis of Blood HbA 1c and Glucose and Serum Fructose
After animals were anesthetized, blood was collected from the heart only (if portal blood was not sampled), or from the portal vein initially (ϳ0.25 ml) and then the heart (ϳ0.5-1 ml) if portal and systemic concentrations were being compared. Blood glucose was determined by an Omnis Embrace glucometer (Nashville, TN) calibrated with 0, 10, and 20 mM glucose and glycated hemoglobin (HbA 1c) by Contour A1cNow (Bayer, Pittsburgh, PA).
Serum fructose was analyzed by HPLC as previously described (44) . Briefly, blood was allowed to clot and centrifuged gently (500 g), and serum was collected. Aliquots (50 -100 l) for fructose assays were treated 1:1 (vol/vol) with acetonitrile, and the supernatant was stored in Ϫ70°C after centrifugation at 10,000 g for 1 min at 4°C. Each sample was analyzed two to four times. The sample solution was filtered through a 0.45-m membrane just before analysis. Briefly, HPLC was performed using a GL-7400 series system (GL Sciences, Tokyo, Japan) equipped with a polymer-based amino column Shodex Asahipak NH2P-50 4E (4.6 mm ID ϫ 250 mm; Showa Denko, Tokyo, Japan) with a guard column at an injection volume of 5 l. When initial analysis determines that concentration of fructose was Ͻ50 M, samples were reanalyzed at an injection volume of 20 l again. The separation of fructose was performed with a linear gradient as previously described (44) in hydrophilic interaction chromatography mode. The flow rate and column temperature were 1.0 ml/min and In studies III and IVB, the experimental diet had 40% free fructose and the control diet 40% free glucose, with all other ingredients being exactly the same. In study IVA, the experimental diet had 63% free fructose (63% free glucose as control), with all other ingredients also being exactly the same. a The mineral mix composition (AIN-93M) was as follows (amount in 35 g): 5.0 g Ca, 2.0 g Pi, 0.5 g Mg, 3.6 g K, 0.3 g S, 1.0 g Na, 1.6 g Cl, 6.0 mg Cu, 0.2 mg I, 45.0 mg Fe, 10.5 mg Mn, 0.2 mg Se, and 30.0 mg Zn. b The vitamin mixture composition (AIN-93) was as follows (amount in 10 g): 4,000 IU vitamin A palmitate, 1,000 IU cholecalciferol, 75 IU vitamin E acetate, 0.75 mg phylloquinone, 0.2 mg biotin, 25 g cyanocobalamin, 2 mg folic acid, 30 mg nicotinic acid, 16 mg calcium pantothenate, 7 mg pyridoxine hydrochloride, 6 mg riboflavin, 6 mg thiamin HCl. 40°C, respectively. Postcolumn labeling of fructose with phenylhydrazine was taken at 150°C in a reactor 522 (Flom, Tokyo, Japan), and the flow rate of reaction reagent (mixture with 180 ml of acetic acid, 6 ml of phenylhydrazine, and 220 ml of phosphoric acid) was 0.4 ml/min. The fluorescence detector GL-7453 (GL Sciences) was set at 330 nm excitation wavelength and 470 nm emission wavelength. Data were analyzed using EZChrom Elite version 3.1.5J (Agilent Technologies).
Statistical Analysis
Data are presented as means Ϯ SE. A three-way ANOVA analyzed the effects of dietary fructose, of time after feeding, and of sample location (portal or systemic) in wild-type and KHK Ϫ/Ϫ mice, as well as the effects of genotype, dietary fructose, and sample location (study IA to C). A one-or two-way ANOVA was used to analyze the effect of diet and/or genotype and/or sample location. If higher-level ANO-VAs yielded significant treatment or interaction effects, a one-way ANOVA followed by least-significant difference test (STATVIEW; Abacus Concepts) determined differences among means, and was used to portray differences among bars or points in Figs. 1-7. Simple linear regressions analyzed the relationship between portal and systemic sugar concentrations.
RESULTS
Effect of Dietary Fructose and Time After Feeding
Serum fructose. When analyzed by a three-way ANOVA, there was a highly significant effect of diet (P Ͻ 0.0001) but not of time (P ϭ 0.072) and sample location (portal vs. systemic, P ϭ 0.068) on serum fructose concentrations in wild-type mice (Fig. 1A ). There were no significant interactions among treatments. In mice fed 0% fructose, portal (0.060 Ϯ 0.006 mM, overall mean for all time points) and systemic (0.030 Ϯ 0.003 mM) fructose concentrations did not vary with time after feeding. In contrast, portal concentrations in wild-type mice consuming 20% fructose in-creased by more than twofold from time (t) ϭ 0 to t ϭ 1 h after feeding (ϳ0.13 mM). Likewise, systemic serum fructose went from 0.037 at t ϭ 0 to 0.13 mM 1 h after feeding. Fasted (t ϭ 0) serum fructose in the 20% group was similar to postprandial concentrations in the 0% mice for both portal and systemic levels, suggesting that the baseline fructose concentration during fasting is not affected by diet. Mean fructose concentration in all serum samples at t Ն 1 h from mice fed 20% fructose was about threefold greater than that in mice fed 0%.
Serum fructose concentrations in KHK Ϫ/Ϫ mice were 5-to 100-fold greater than those in wild-type mice for the same diet, time, and sample location. The effects of diet, time, and sample location on serum fructose were very highly significant (P Ͻ 0.0001 for each factor) and interacted significantly with one another (P Ͻ 0.001 in all cases, Fig. 1B ). Except at t ϭ 0, systemic was always approximately twofold greater than portal fructose concentrations in both diets. Postfeeding fructose levels in the portal and systemic circulations each increased by 1.5-to 3-fold with dietary fructose. Serum fructose was Ͻ0.5 mM at t ϭ 0 h, but then increased markedly with time, and the magnitude of increases depended on diet.
Blood glucose. There was a significant effect of dietary fructose (P ϭ 0.01), time after feeding (P ϭ 0.001), and sample location (P ϭ 0.05) on blood glucose concentrations in wild-type mice (Fig. 1C ). The interaction between diet and time was significant (P ϭ 0.04). Mean (for all time points) portal and systemic glucose concentrations in mice fed 20% fructose were ϳ3 (P ϭ 0.004) and ϳ2 (P ϭ 0.04) mM greater, respectively, than those in mice fed 0%. Because our 0% fructose diet had 20% free glucose while our 20% fructose diet had 0% free glucose (both had 10% sucrose), it was interesting to note that the diet containing 20% fructose resulted in higher portal and systemic glucose concentrations in feeding mice! A B Thus mice fed fructose consistently had higher glucose concentrations than mice fed glucose, except at t ϭ 0 h after an overnight fast. In the fasted state at 0 h, portal was similar to systemic glucose concentrations (both ϳ15.5 mM) in mice fed 0% fructose, and was also similar (both ϳ11.2 mM) in mice fed 20% fructose. Upon initiation of feeding, portal and systemic glucose levels decreased significantly in mice fed 0% fructose and then increased gradually. This initial decrease may be due to insulin released by dietary free glucose. In mice fed 20% fructose, there was no corresponding decrease in blood glucose, only a gradual increase to ϳ20 mM.
C D
In stark contrast to serum fructose in KHK Ϫ/Ϫ , and to glucose concentrations in wild-type mice, which varied markedly with diet, time, and sample location, serum glucose concentrations in KHK Ϫ/Ϫ mice were independent of these factors (P ϭ 0.61 for diet, 0.08 for time, and 0.54 for sample location) ( Fig. 1D ). There were no significant interactions (P Ն 0.43) among the factors being studied.
Sugar Levels in Fed and Fasted Mice
At t ϭ 0 h (before feeding, Fig. 2A ), genotype (P Ͻ 0.0001) and diet (P ϭ 0.002) but not sample location (P ϭ 0.28) had significant effects on serum fructose concentrations. There were significant interactions among these factors (P ϭ 0.0003-0.03) because portal concentrations were always greater than systemic in wild-type mice fed both diets and in KHK Ϫ/Ϫ mice fed 0% fructose. In sharp contrast, systemic fructose levels were surprisingly fourfold greater than portal in KHK Ϫ/Ϫ mice fed 20% fructose. Thus, the effect of diet on fasting serum fructose level depended on genotype and sample location.
At t ϭ 7.5 h after initial feeding (Fig. 2B) , genotype, diet, and sample location each had highly significant effects on serum fructose levels (P Ͻ 0.0005 in all cases). There were significant interactions between genotype and diet (P Ͻ 0.0001), between genotype and sample location (P Ͻ 0.0001), but not between diet and sample location (P ϭ 0.16). KHK Ϫ/Ϫ had 10-to 45-fold more serum fructose than wild-type and GLUT5 Ϫ/Ϫ mice. Dietary fructose increased serum fructose by 2-to 3-fold in wild-type and KHK Ϫ/Ϫ mice and by 5-to 10-fold in GLUT5 Ϫ/Ϫ mice. For the same diet, portal was generally similar to systemic fructose concentrations in GLUT5 Ϫ/Ϫ , twofold greater than systemic in wild-type, and paradoxically twofold less than systemic in KHK Ϫ/Ϫ mice.
At t ϭ 0, serum glucose concentrations were independent of genotype, diet, and sample location (P Ն 0.15) ( Fig. 2C) . Thus, these various factors had no effect on serum glucose concentrations after an overnight fast. At 7.5 h postfeeding, genotype and diet had no effect on serum glucose (P Ͼ 0.10), but sample location had a modest effect (P ϭ 0.02) (Fig. 2D) . The interactions among factors were each not significant. Across all treatments, portal glucose concentrations were typically ϳ3 mM greater than systemic in fed wild-type, GLUT5 Ϫ/Ϫ , and KHK Ϫ/Ϫ mice, in contrast to those of fasting mice (Fig. 2C ) in which portal were always similar to systemic glucose levels.
Interactions between Portal and Systemic
Although concentrations were typically very low in wildtype mice, systemic fructose changed (P ϭ 0.05, Fig. 3A ) by 0.34 Ϯ 0.17 mM for every 1 mM change in portal fructose levels. Systemic glucose also varied highly significantly by 0.68 Ϯ 0.07 mM for every 1 mM change in portal glucose (P Ͻ 0.0001, Fig. 3B ).
Systemic fructose levels in KHK Ϫ/Ϫ mice also increased highly significantly (P Ͻ 0.0001) by 1.8 Ϯ 0.2 mM for every 1 mM increase in portal fructose (Fig. 3C ). Thus, without KHK, not only were serum fructose concentrations relatively high, but also a small change in portal fructose level affected systemic fructose markedly.
In sharp contrast to that of wild-type mice, systemic was independent of portal glucose concentrations in KHK Ϫ/Ϫ mice (P ϭ 0.17, Fig. 3D regulated by portal glucose level in wild-type but not KHK Ϫ/Ϫ mice, fructose metabolism by KHK must contribute significantly to blood glucose levels, as will be further established below.
The correlations between serum glucose and fructose are even more interesting. Systemic glucose was tightly correlated with systemic fructose in wild-type mice, and it changed by 35 Ϯ 9 mM for each millimolar change in fructose (P ϭ 0.001, Fig. 4A ). Thus, a small change in systemic serum fructose concentration profoundly affected glycemia in wild-type mice. However, there was no effect of portal fructose on systemic glucose (P ϭ 0.38, data not shown), and of portal fructose on portal glucose levels (P ϭ 0.13, data not shown) in wild-type mice. In KHK Ϫ/Ϫ mice, systemic glucose was independent of systemic fructose concentrations (P ϭ 0.87, Fig. 4B ), suggesting that the link between fructosemia and glycemia in wild-type mice may be dependent on KHK-mediated fructose metabolism in peripheral organs. There was also no effect of portal fructose levels on portal glucose (P ϭ 0.25, data not shown) and on systemic glucose (P ϭ 0.81) in KHK Ϫ/Ϫ mice.
Chronic Effects of Dietary Fructose on Serum Sugar
After 12 wk of feeding, genotype (P Ͻ 0.001 by 2-way ANOVA) and diet (P ϭ 0.04) continued to have significant effects on systemic serum fructose levels (Fig. 5A) ; the interaction was significant, since diet effects depended on genotype (P ϭ 0.05). Systemic fructose concentrations were approximately threefold greater in KHK Ϫ/Ϫ mice fed fructose compared with those fed glucose, but were similar between glucose-and fructose-fed wild-type mice. Systemic serum fructose levels were 30-to 80-fold greater in KHK Ϫ/Ϫ compared with wild-type mice, regardless of diet.
Genotype (P ϭ 0.09 and 0.01) and diet (P ϭ 0.04 and 0.02) had modest effects on blood glucose (Fig. 5B) and HbA 1c (Fig.   5C ) levels, respectively. Blood glucose and HbA 1c levels were greater in wild-type but not KHK Ϫ/Ϫ mice chronically fed 20% fructose. HbA 1c levels were 1.3-fold (ϳ0.40% in absolute amounts) greater in wild-type compared with KHK Ϫ/Ϫ mice, regardless of diet.
Acute Effects of Increased Dietary Fructose
About 8 h after wild-type and KHK Ϫ/Ϫ mice were acutely fed 40% fructose, we found highly significant genotype (P Ͻ 0.0001), diet (P Ͻ 0.0001), and location (P ϭ 0.002) effects on serum fructose and significant interactions among treatments (P Ͻ 0.0001-0.04). Fructose concentrations in wild-type mice fed 0% fructose were very low, Ͻ0.07 mM, in both portal and systemic circulations, and, when fed 40% fructose, increased by 10-to 20-fold ( Fig. 6A ). KHK ablation further increased serum fructose, by five-to eightfold, depending on diet. It is interesting to note that serum fructose concentration was already Ͼ0.5 mM in KHK Ϫ/Ϫ mice fed 0% fructose, even though these mice were only previously fed chow and thus have never consumed fructose. When compared with mice fed 20% fructose as depicted in Fig. 2B , consumption of increasing levels of dietary fructose seems to increase serum fructose in both KHK Ϫ/Ϫ and wild-type mice.
Diet (P ϭ 0.002) and sample location (P Ͻ 0.001) but not genotype had significant effects on serum glucose (Fig. 6B ). Dietary fructose dramatically increased serum glucose, and portal was always greater than systemic glucose levels.
When wild-type mice were fed the same 40% fructose diets for 1 wk [KHK Ϫ/Ϫ mice could not tolerate this much fructose (data not shown)], systemic serum fructose levels decreased to 0.011 Ϯ 0.003 for those fed 0% and to 0.039 Ϯ 0.008 mM for those fed 40% fructose (compare with Fig. 6A ), suggesting some adaptation to diet. 
Serum Fructose in Rats Fed or Perfused with Fructose
Dietary fructose at 63% levels (P ϭ 0.02) but not feeding duration (P ϭ 0.17) increased by three-to sixfold systemic fructose concentrations in rats (Table 3 ). Serum glucose concentrations increased by 25% with dietary fructose (P ϭ 0.01) and with feeding duration (P ϭ 0.02). Thus, as in wild-type mice, fructose feeding induces hyperglycemia that becomes worse with length of time of feeding.
Rats fed dietary fructose at 40% concentrations for 5 days increased by sevenfold their systemic serum fructose concentrations (P ϭ 0.04). Serum glucose was 25% greater in fructose-compared with glucose-fed rats, confirming earlier findings. When we perfused intestines with 50 mM fructose or glucose, there was a highly significant effect on serum fructose concentrations (P Ͻ 0.0001), and there was a modest difference between portal and systemic fructose levels (P ϭ 0.01) ( Table 3 ). There was no significant interaction between these two factors (P ϭ 0.09).
Continuous glucose perfusion for 4 h likely swamped insulin regulation, resulting in marked hyperglycemia by 70% (P ϭ 0.0002) compared with fructose perfused. Portal and systemic circulations were similar to one another (P ϭ 0.15).
Comparative Serum Fructose Concentrations
Serum fructose concentration was generally similar between rats fed 40 and 63% fructose, as well as between rats fed 40 and 63% glucose. Wild-type mice fed 40% fructose for a similar length of time (5 days) had similar levels of systemic serum fructose (0.011 mM) as those (0.010 mM) in rats fed the same diet. Serum fructose concentration was below 0.01 mM in sera obtained from the horse, cat, and goat, likely because these animals were not fed dietary fructose and were also fasted overnight. Serum glucose concentrations for these fasted horses, cats, and goats were 4.96 Ϯ 0.28, 11.8 Ϯ 1.2, and 2.50 Ϯ 0.19 mM (n ϭ 4), respectively.
Food Intake and Body Weight
In study I, total food consumed after 7.5 h of feeding on the day of death was similar among groups (P ϭ 0.9 by 1-way ANOVA) (Fig. 7A ). There was also no effect of genotype (P ϭ 0.57 by 2-way ANOVA) and diet (P ϭ 0.71) on final body weights (data not shown); there was no interaction (P ϭ 0.43). Chronic feeding of fructose, while causing hyperinsulinemia, does not significantly alter food intake or cause weight gain in rodents (41) .
In study II, average daily food consumption over time did not differ significantly between diets (P ϭ 0. ANOVA) and between genotypes (P ϭ 24) with insignificant interaction (P ϭ 0.61) (Fig. 7B ). Initial body weights did not differ between diets (P ϭ 0.83) but did differ slightly (ϳ5%) between wild-type and KHK Ϫ/Ϫ mice (P ϭ 0.04) (Fig. 7C) ; there was no interaction (P ϭ 0.85). Final body weights were not affected by genotype (P ϭ 0.09) but were modestly affected by diet (P ϭ 0.03) and with modest interaction (P ϭ 0.02) (Fig. 7D ). This finding could be explained by differences in caloric intake, since KHK Ϫ/Ϫ mice could use 20% glucose but could not metabolize 20% fructose. As will be discussed below, the 5-to 100-fold increase in serum fructose level in KHK Ϫ/Ϫ mice may reach concentrations high enough as to allow other low-affinity enzymes to catabolize fructose for use as energy source by these mice. Balancing caloric intake and evaluating fructose effects are not possible when using KHK Ϫ/Ϫ mice (20, 34) .
In study IVA and -B, isocaloric 63 and 40% glucose or fructose diets were consumed at equal rates by rats, as we showed many times previously (13) .
DISCUSSION
Our main findings are that portal and systemic fructose concentrations in wild-type mice, rats, and other mammals are typically lower than 0.1 mM when fasting or consuming fructose-free, low-sucrose diets, but increase modestly to only ϳ0.2-1 mM when fed 20 to 40% fructose. Because its deletion causes dramatic increases in blood fructose, KHK clearly prevents hyperfructosemia. Because high-fructose intakes are associated with hyperglycemia that ultimately increases HbA 1c levels, KHK also prevents fructose-induced hyperglycemia. A low but consistently significant concentration of fructose is detected in the portal and systemic circulations of rats as well as wild-type, KHK Ϫ/Ϫ and GLUT5 Ϫ/Ϫ mice fed no fructose, suggesting endogenous synthesis independent of KHK and GLUT5.
Ketohexokinase is Essential in Preventing Hyperfructosemia
Like our findings, Ishimoto et al. (20) observed hyperfructosemia in chow-fed KHK Ϫ/Ϫ mice drinking 30% fructose solutions. The enormous difference in their findings of fructose-induced hyperfructosemia (1.5-fold more fructose) from ours (ϳ5-to 100-fold) may be due to differences in fructose intake, or to differences in analytical methods, since they used enzyme-based kits that can overestimate low blood fructose.
In wild-type mice, hepatic KHK clears fructose from the blood as evidenced by small changes in systemic as a function of portal fructose levels (0.3 mM/1 mM portal) compared with large increases in KHK Ϫ/Ϫ mice (1.8 mM systemic/1 mM portal). Thus, KHK removes fructose from portal blood in wild-type mice. Hepatic fructose uptake is a function of portal concentration, since the liver clears over 70% of portal fructose in fasted but only 55% in fed rats (30) . Because systemic is always less than portal fructose levels in all wild-type mice regardless of diet, KHK deletion seems to lead to the accumulation of fructose in the systemic circulation. This is observed mainly after chronic consumption by KHK Ϫ/Ϫ mice of a high-fructose diet, suggesting that, under these conditions, fructose is added by the liver to the portal blood, or that a systemic fructose "sink" is saturated.
The KHK Ϫ/Ϫ mice used in this study are missing both KHK-C and KHK-A isoforms (10) . While KHK-C is considered more physiological because its K m for fructose is Ͻ1 mM, KHK-A, whose K m is 8 mM, may be recruited when fructose intake is excessive, because fructose-induced metabolic syndrome is exacerbated in mice lacking KHK-A (20) . Thus, removal of KHK-A from skeletal muscle and adipose tissue prevents fructose metabolism by these large organ systems that acted as a fructose sink, resulting in accumulation of fructose in the systemic circulation. Targeted deletions of KHK should increase our understanding of the role of these various organ systems in fructosemia.
Because serum concentrations in KHK Ϫ/Ϫ mice chronically fed fructose did not increase beyond ϳ8 mM, where did fructose go? Although skeletal muscle, adipose tissue, and other organ systems have various hexokinase isoforms, their K m for fructose is 10-to 100-fold greater than that for glucose (18, 30) . Thus, hexokinase-mediated fructose metabolism in KHK-expressing wild-type mice is negligible. However, at serum fructose concentrations found in KHK Ϫ/Ϫ mice, GLUT5 (K m ϭ 8 mM) can absorb fructose into skeletal muscle and adipose tissue (31) . Hexokinase I-mediated fructolysis in skeletal muscle and adipose tissue can then occur at rates 20 -70% that of glycolysis in wild-type mice (18) . In fact, in fructosuric patients, up to 90% of intravenously administered fructose can be metabolized by adipocyte hexokinase into fructose 6-phosphate (17) . Thus, it is possible that hexokinase prevents hyperfructosemia above 10 mM.
We were quite surprised at the reversed portal to systemic fructose concentrations in KHK Ϫ/Ϫ mice, since it is not clear how higher fructose concentrations can be chronically maintained in the systemic relative to the portal circulation. Recall, however, that in KHK Ϫ/Ϫ mice, the liver seems to add fructose to portal blood, but adipocytes and skeletal muscle may be limited in their ability to metabolize fructose (18, 31) . In humans, concentrations of leptin produced mainly by subcutaneous adipose tissue are typically greater in the systemic compared with portal concentrations (16) . Large, 2-to 60-fold differences in insulin concentrations between portal and systemic circulations are also sustained in humans even as glucose concentrations remain similar (19) , suggesting that anatomic location of regulatory organs influences portal and systemic differences in concentrations. There are also significant differences in steady-state fructose and pyruvate concentrations maintained among maternal, umbilical, and fetal circulations (46) .
Essential Fructosuria and Caloric Intake
Because they cannot metabolize fructose, the caloric intakes of KHK Ϫ/Ϫ and GLUT5 Ϫ/Ϫ are less than that of wild-type mice consuming the same fructose-containing diet. This is a potential confounding factor in all of our results. However, while diarrhea is a potential consequence of fructose feeding in GLUT5 Ϫ/Ϫ mice (1), KHK deletion in mice, up to a total dietary concentration of 20 -25% fructose, seems asymptomatic, probably because of hexokinase-mediated fructose metabolism as explained above. In humans, essential or hereditary fructosuria, which is caused by a mutation of the KHK structural gene (5) , is a benign, asymptomatic metabolic anomaly and differs from the potentially lethal hereditary fructose intolerance disease caused by absence of aldolase B (18) . Given its benign character, essential fructosuria may be undetected in many individuals whose systemic serum fructose concentrations can remain at 2-3 mM as long as they consume fructosecontaining foods (29) . Essential fructosuria, and its consequent fructosemia, has been reported in many countries, and, in 1961, 18 of 50 Jewish individuals were found to have fructosuria, although a frequency of 1:130,000 has also been reported (see review in Ref. 18 ).
Role of GLUT5
Because 10% sucrose was present in both the 20% fructose and 20% glucose diets consumed by GLUT5 Ϫ/Ϫ mice, the fourfold increase in serum fructose concentrations must come from the 20% free fructose in the diet (Fig. 2B) . The dietinduced increase in concentration of portal serum fructose in GLUT5 Ϫ/Ϫ mice suggests that some fructose transport may be paracellular at high luminal fructose concentrations. We have recently confirmed that GLUT5 is the primary intestinal fructose transporter and that intestinal GLUT5 is rapidly inducible by dietary fructose (37) . In contrast, GLUT7, -8, and -12 expression in mouse small intestine is vanishingly low, is not regulated by dietary fructose, and does not compensate when GLUT5 is ablated.
Although GLUT5 is modestly expressed in skeletal muscle (26) , it may play an important role in whole body fructose homeostasis because of its large mass. GLUT5 is also expressed in adipocytes (31) where it is required for differentiation (14) . Without muscle and adipocyte GLUT5, fructose that otherwise would be transported into and then metabolized by these cells could remain in circulation, causing hyperfructosemia.
Systemic Fructose Concentrations and Endogenous Fructose Synthesis
We and others found GLUT5 Ϫ/Ϫ mice fed fructose-free diets to have systemic serum fructose levels similar to those of wild-type mice (1), suggesting that fructose must be synthesized and subsequently transported out of fructose-synthesizing cells to the blood via transporters other than GLUT5 (12) . In support of this suggestion, we and others observed that KHK Ϫ/Ϫ mice that were not fed fructose have serum fructose concentrations much greater than those of wild-type mice also fed no fructose (20) . All of our wild-type mice and rats also have 0.01-0.05 mM serum fructose levels even if consuming fructose-free diets. These findings suggest that rodents synthesize fructose, that endogenous synthesis is KHK independent, and that export of endogenous fructose from cells to the blood is GLUT5 independent.
Fructose can be synthesized from glucose in mammalian tissues by the polyol pathway (36) , first by the rate-limiting enzyme aldose reductase, which converts glucose to sorbitol, and then by sorbitol dehydrogenase, which converts sorbitol to free fructose. The polyol pathway is an important source of endogenous fructose in the fetal circulation (46) . Hyperglycemia and intracellular glucose significantly increase fructose concentrations and the expression of aldose reductase in the liver and kidney (27) . Expression of aldose reductase is also significant in adipose and nervous tissues as well as in skeletal and smooth muscles.
Fructosemia and Glycemia
The observations that a high-fructose intake can lead to hyperglycemia and hyperinsulinemia in normal humans (28) but cannot affect blood glucose levels in humans with essential fructosuria (18) can now be explained by our findings on KHK-dependent, fructose-induced hyperglycemia. The KHKdependent hyperglycemia may be due in part to excess fructose consumption inducing gluconeogenesis but not glycogenesis (30, 36) . Our previous work found intestinal gluconeogenic enzymes to increase markedly in expression in fructose-fed mice and rats (9, 38) .
Fructose-Mediated Glycation
Although C57BL6 as an inbred strain is hyperglycemic relative to humans [previously determined fasting glucose concentrations in C57BL6 (10 mM, see Ref.
2) are similar to our results], in this study, the hyperglycemic wild-type mice are not diabetic since HbA 1c are Ͻ5%. Fructose and its specific metabolic intermediate glyceraldehyde are chemically ϳ10fold more reactive than glucose when forming advanced glycation products (40) . However, because blood fructose is normally 10-to 1,000-fold less than glucose concentrations in wild-type mice, the cumulative glycating effect of blood glucose is still expected to be greater than that of fructose in vivo. Thus, the high HbA 1c levels in fructose-fed wild-type mice likely reflect fructose-induced, KHK-dependent hyperglycemia because HbA 1c was lower and independent of dietary fructose in KHK Ϫ/Ϫ mice exhibiting marked hyperfructosemia. The half-life of mouse erythrocytes is ϳ10 days (33); thus, the influence of dietary fructose on HbA 1c levels in that 12-wk chronic fructose feeding study is likely reflective of the chronic hyperglycemia.
Relevance and Future Work
Small (ϳ0.04 mM) increases in systemic fructose concentrations resulting from ingesting modest amounts of dietary fructose significantly enhances, in a KHK-dependent manner, blood glucose levels. KHK clearly is essential in maintaining low systemic fructose concentrations and in moderating fructose-induced hyperglycemia that increases HbA 1c levels. These small changes in blood fructose concentration may be beyond the resolution of many enzyme-based kits. Dramatic KHKdependent differences in portal and systemic fructose concentrations suggest important contributions of fructose metabolism by peripheral organs. The polyol pathway implicated in damage to nerve, renal, and retinal microvasculature (27, 39) seems KHK, GLUT5, and dietary fructose independent. These findings are highly relevant because they reveal the mechanisms underlying the hyperfructosemia of human hereditary fructosuria and the hyperglycemia in fructose-induced metabolic syndrome.
Targeted deletion of important transporters and enzymes of fructose metabolism, gluconeogenesis, and the polyol pathway from strategic organ systems should markedly increase our understanding of fructose homeostasis. Specifically, ablation of KHK or the hepatic fructose transporter GLUT2 from the liver should provide important information regarding the roles of the liver in modulating systemic fructose levels, in fructose-induced hyperglycemia, and in nonalcoholic hepatic steatosis. Ablation of KHK from adipocytes and/or skeletal muscle should also markedly enhance our understanding not only of their role(s) in regulating blood fructose levels but, more importantly, also of their contribution(s) to fructose-induced metabolic syndrome, since visceral adiposity is prevented in fructose-fed, global KHK Ϫ/Ϫ mice (34) .
Because high-fructose intake can result in hyperglycemia without hyperfructosemia, GCMS and HPLC methods are highly recommended for more accurate analysis of low blood fructose levels prevailing in wild-type mice and in humans (44) because these methods, although laborious, can readily separate fructose from large amounts of sugars and sugar metabolites in the blood. Moreover, it is imperative that highly sensitive methods be used to assay for fructose in mammals that are fasting or consuming fructose-free diets, since these have serum fructose concentrations Ͻ100 M (38) .
